Recent advances in experimental techniques and data processing allow in situ determination of mineral crystal structure and chemistry up to Mbar pressures in a laser-heated diamond anvil cell (DAC), providing the fundamental information of the mineralogical constitution of our Earth's interior. This work highlights several recent breakthroughs in the field of high-pressure mineral crystallography, including the stability of bridgmanite, the single-crystal structure studies of post-perovskite and H-phase as well as the identification of hydrous minerals and iron oxides in the deep lower mantle. The future development of high-pressure crystallography is also discussed.
Introduction
Pressure, temperature and chemical composition (PeTeX ) determine the phase diagrams, accounting for the material diversity of nature. These three dimensions are strongly correlated in geophysical and geochemical studies. Our knowledge of Earth's constitution is built on experimental measurements and theoretical simulations of the physical properties of minerals at high PeT conditions in comparison with seismic models [1, 2] . Of all the properties, crystal structure and chemistry provide fundamental information, such as atomic arrangement and elemental partitioning of individual minerals in deep Earth.
Accurate determination of high-pressure mineral structure is crucial for understanding all other pressure-induced property changes in the deep Earth. Polycrystalline structural refinement provides limited information about crystal structure, and single-crystal X-ray diffraction (XRD) will be the ideal method for structural determination. However, crystallography under deep-Earth conditions has been limited to polycrystalline samples because single crystals are unachievable in phase transition studies at ultrahigh pressures. This problem has been overcome by sorting out hundreds of submicron crystallites, and refining the structure of several selected crystallites [3, 4] .
Crystal structure and chemistry of silicates in the D

region
At a depth of~2890 km in the Earth's deep interior, the slowly convecting, highly viscous mantle silicates meet the liquid metals of the outer core. A thermal boundary is generated at the core-mantle boundary (CMB) where the temperature steeply increases to nearly 4000 K at the boundary of the core [5] . Seismic observations show that approximately 100e350 km above the core-mantle boundary, the so-called D 00 layer presents a number of enigmatic features. These seismic anomalies in the D 00 boundary include the D 00 discontinuity, S wave polarization anisotropy, anticorrelated seismic velocity anomalies, and ultralow velocity zones (ULVZ) [6, 7] . Sidorin et al. speculated that several intriguing seismic observation in the D 00 layer can be explained by a solidesolid phase transition with a positive P/T slope of the boundary (Clapeyron slope) [8] . In 2004, Murakami et al. discovered the bridgmanite to post-perovskite transition in magnesium silicate (MgSiO 3 ), the dominant mineral in Earth's mantle [9] . Many significant predictions and experimental results have been achieved on this phase transition by the geological community, providing one valid interpretation of the seismological observations in the D 00 region. However, recent observations of several abrupt increases in seismic velocity cannot be explained by a simple model of an isochemical MgSiO 3 phase transition from bridgmanite to postperovskite, suggesting the possibility of compositional variations in the deep mantle [10] .
Structural changes through bridgmanite to postperovskite transition
The phase transition from bridgmanite to post-perovskite was observed experimentally in a polycrystalline sample above 125 GPa and 2500 K in a laser-heated DAC, as shown in Fig. 1 [9] . Here, we focus on the crystal structure and chemistry of bridgmanite and post-perovskite, the two dominant minerals in the lower mantle. The powder diffraction pattern alone did not allow unambiguous structure determination of the newly observed phase. The crystal structure of the postperovskite was then predicted by theoretical calculations, which revealed the CaIrO 3 -type structure with space group Cmcm [9, 11, 12] .
CaIrO 3 -type MgSiO 3 post-perovskite adopts a 2D structure with edge-and corner-sharing SiO 6 octahedra arranged in linear chains along a and c axes, respectively (see Fig. 2 ). These edge-and corner-sharing SiO 6 octahedra sheets are alternated with interlayer Mg 2þ ions along b axis (see Fig. 2 ). However, MgSiO 3 bridgmanite crystallizes in a 3D network structure with only corner-sharing SiO 6 octahedra. Because of the fundamental differences in crystal structures between bridgmanite and CaIrO 3 -type post-perovskite phases, firstprinciple calculations have predicted that the bridgmanite to post-perovskite transition has extraordinary property changes that may account for the large seismic anomalies observed in the D 00 region [11] . Existing models of a bridgmanite dominant lower mantle have been built on the assumption that the atomic ratio Fe/ (Fe þ Mg) is nearly 0.1 in the entire lower mantle and a small percent of Al 2 O 3 can be incorporated into the silicate phase [2] . The most abundant silicate mineral in Earth is Mg-silicate bridgmanite with 5e10 mol% of Fe and Al existing from 660-km depth to the D 00 region. Bridgmanite can be synthesized above 20 GPa and~1000 K in a multianvil apparatus and single crystals with a size of 10e100 mm can be recovered to ambient conditions for detailed structural studies. As a result, the effects of Fe 2þ , Fe 3þ and Al 3þ on the bridgmanite have been extensively studied by various research groups [13e18]. In contrast, post-perovskite structure is unquenchable, and in-situ high PeT XRD experiments are essential to understand the structureeproperty relation [19e21] . Seismological observations show that the depth extent (or sharpness) of the D 00 seismic velocity discontinuity is less than 75-km, corresponding to the pressure of <4 GPa [22e24]. However, in-situ high PeT experiments find that substitution of Fe and Al in MgSiO 3 bridgmanite tends to expand the transition over a much broader pressure range [25] . Considering strong thermal and chemical heterogeneities in the D 00 layer, improved constraints from both seismology and mineral physics are needed [22] .
Interestingly, interaction between the lowermost mantle and the liquid outer core may lead to an increased incorporation of Fe content into the D 00 region [26, 27] . Yamanaka et al. performed powder XRD Rietveld analysis on Fe-rich (Mg 0.6 Fe 0.4 ) SiO 3 post-perovskite, suggesting a structure with the Pmcm Fig. 1 . XRD patterns of MgSiO 3 at (a) 105 GPa and 2250 K, (b) 121 GPa and 300 K after heating at 127 GPa [9] . Definitions are P, Pbnm perovskite; Pt, platinum; N, new phase (post-perovskite). The calculated powder XRD pattern of the post-perovskite is shown for comparison. The small ticks indicate the peak positions of MgO and both a-PbO 2 -type and CaCl 2 -type SiO 2 .
(Pmma) space group, indicative of a subtle structural change in post-perovskite due to Fe-enrichment [28] . In general, the post-perovskite structure determined by Rietveld powder diffraction refinements at extreme PeT conditions suffers from unreliable intensity measurements caused by texturing of the sample and/or speckled diffraction patterns derived from crystal growth under high T. For the latter, although the speckled XRD patterns are not compatible with either powder or conventional single-crystal structural refinements, a unique analytical approach known as multigrain crystallography has been successfully developed for the structure solution of a multigrain sample [29] .
2.2. Single-crystal determination of (Mg, Fe)SiO 3 postperovskite via multigrain crystallography Precise measurement of the crystal structure of postperovskite at extreme conditions corresponding to the D 00 region is highly desired to provide direct and fundamental testing for the predicted unusual property changes across the bridgmanite to post-perovskite transition. However, it is technically infeasible to prepare a suitable single-crystal postperovskite sample for conventional single-crystal XRD analysis. The first single-crystal structure model of Fe-bearing post-perovskite has been evaluated via multigrain crystallography, providing a reliable reference for structural studies using other approaches [3] . Here, preparation of a good quality sample is the most essential and critical step for the multigrain analysis; however, there are many aspects of the necessity for continuous exploration and practice, such as hydrostatic conditions, sample and heating homogeneity, and the kinetics process involved in phase transitions. After numerous trials, it was found that the high-quality post-perovskite samples for single-crystal determination could be meticulously prepared as follows. First, a single-crystal orthopyroxene sample with a composition of (Mg 0.85 Fe 0.15 )SiO 3 was pre-compressed into a disk of~10 mm thickness cut to 40e60 mm in diameter, and then placed in a~60 mm diameter Re gasket hole in a Maotype symmetric DAC for each experiment. Thus, sample homogeneity and non-porosity was ensured. No additional laser absorber is needed, because the sample itself can well absorb the laser, which builds a solid support for uniform heating. Secondly, compressed Ne was loaded, and the sample was successfully sandwiched between symmetric Ne layers from both sides. Here, Ne was served as the pressure transmitting medium to provide quasi-hydrostatic pressure, as the Vinet pressure scale to ensure pressure consistency with the well-accepted Au scale [30, 31] , and as the thermal insulation layer during laser heating for reaching phase equilibrium. The as-prepared sample was initially compressed to 109 GPa at room temperature and then heated directly to 2200e2400 K. It was found that the post-perovskite phase appeared as a minor phase compared to the bridgmanite and the pressure increased to 111 GPa after T quenching. Then, PeT conditions were increased to 118 GPa at 2300e2500 K where the postperovskite became the dominant phase. After T quenching (pressure was increased to 120 GPa), the XRD pattern showed discrete spots instead of continuous Debye rings (see Fig. 3 ), indicating the formation of a coarse-grained multigrain aggregate.
Similar to the "rotation method" used in conventional single-crystal crystallography, diffraction patterns were collected in step-scans (2 s/step) with both 0.2 and 1.0 rotation steps over the range of u from À26.6 to 24.6 at 120 GPa. Proper exposure time should be applied to ensure the high signal/background ratio of diffractions, and in the meantime prevent the peak intensity exceeding the oversaturation point of the detector. Diffraction spots from the coarse polycrystalline sample comprised of up to hundreds of individual submicron crystals can be recorded using the high brilliance monochromatic X-ray beam with a beam size of 6 mm Â 8 mm at HPCAT, APS. The Fully Automatic BeamLine Experiments (FABLE) package was used to process and index diffraction spots, and the orientation matrices of individual grains were indexed using the GrainSpotter algorithm [32] . The set of peaks corresponding to one crystallite, identified by FABLE, was exported into GSE_ADA/RSV software package [33] , where peak fitting was performed and appropriate corrections accounting for Lorenz, polarization, DAC absorption, and sample motion effects were applied. In these experiments, the crystal size in a multigrain sample was typically a few hundred nm while the beam size (5e10 mm in diameter) was about one order of magnitude larger than the crystal size, which means a big portion of the grains could bathe within the X-ray during the sample rotation. In this case, the effects of sample absorption and rotation could be minimized. Structural refinements were carried out using SHELXL97 [34] . The single-crystal diffraction pattern was indexed with the CaIrO 3 -type post-perovskite structure: Table 1 are selected lattice parameters, bond lengths and interatomic angles in the structure of post-perovskite at high P and room temperature in comparison with the results from powder diffraction data in (Mg 1-x ,Fe x )SiO 3 (0 x 0.1). The Fe content in the post-perovskite phase was refined to x ¼ 0.07 when the Fe-Mg ratio was used as a variable in the refinement. The obtained structural parameters in Fe-bearing post-perovskite are consistent with Fe-free post-perovskite from the theoretically calculated structural mode, suggesting that the Fe content in the mantle has a negligible effect on the crystal structure of the post-perovskite phase.
Disproportionation of (Mg, Fe)SiO 3 bridgmanite in Earth's deep lower mantle
As suggested by Yamanaka et al. [28] , if the ultralowvelocity zones at the very base of the lower mantle are highly enriched in Fe from reacting with the outer core, the postperovskite phase might alter its space group from Cmcm to Pmcm depending on the degree of Fe enrichment. However, subsequent study found that (Mg, Fe)SiO 3 bridgmanite lost its Fe and disproportionates to a nearly Fe-free MgSiO 3 perovskite phase and an Fe-rich phase [4] . Zhang et al. carried out experiments on (Mg 0.85 Fe 0.15 )SiO 3 orthopyroxene sample in laser-heated diamond anvil cells, at a pressure of 94 GPa and temperature of 2300 K [4] . The sample preparation procedure was similar to that in the last section. In addition to bridgmanite, it was found that another set of peaks not corresponding to any previously known phases appeared with particularly conspicuous peaks at 2.55 and 2.40 Å (marked as H110 and H101, respectively in Fig. 4 ). On the basis of six distinct new peaks at 4.413, 2.549, 2.401, 1.904, 1.471 and 1.441 Å, it can be concluded that this phase has a hexagonal unit cell of a ¼ 5.096 (2) Å and c ¼ 2.862 (3) Å and a molecular volume V ¼ 32.19 (4) Å 3 with formula units per unit cell Z ¼ 2, referred to as H-phase. The molar volume of the Hphase was slightly larger than that of the coexisting bridgmanite. Coexisting MgSiO 3 bridgmanite and H-phase coarsegrained multiple-crystal aggregate can be synthesized at 101 GPa in another experiment (see Fig. 5 ), indicating that the H-phase is reproducible. Then multigrain analysis was used to identify H-phase and bridgmanite and to constrain their unit cells. It is of importance that the phase H was unambiguously detected in separate experiments at pressures of 85e101 GPa, temperatures of 2200e2400 K for samples with the composition of (Mg 0. 60 3 . All the starting samples were synthesized by the well-established synthesis procedure described in earlier studies [35] . In particular, the (Mg 0.90 Fe 0.10 )SiO 3 sample was from the same batch that has been used in previous studies [36, 37] . The combination of focused ion beam (FIB) with scanning transmission electron microscopy (STEM) techniques together with energy-dispersive X-ray (EDX) analysis has been used to analyze the chemical compositions of samples recovered from a laser-heated DAC [38e41]. The STEM-EDX compositional mapping results showed that the composition and structure of the quenched bridgmanite matched the XRD data of the same bridgmanite quenched to ambient conditions, confirming Fe depletion in bridgmanite as a result of disproportionation (see Fig. 6 ). The H-phase related amorphous product was highly unstable under ambient conditions and further decomposed during the sample preparation process for STEM (see Fig. 6 , positions 3 and 4). The Fe enrichment in H-phase was confirmed with EDX at ambient conditions. It can be concluded that (Mg, Fe)SiO 3 loses its Fe and breaks down to a nearly Fe-free MgSiO 3 bridgmanite phase and an Fe-rich phase with a hexagonal structure. The breakdown will change the composition of mantle minerals, likely affecting [4] . Coexistence of bridgmanite phase (or Pv) and H-phase (a) during laser-heating at 2300 K and (b) after T quench to 300 K and 96 GPa. Because of the multigrain speckled nature of the patterns, the relative peak intensities are affected by the presence or absence of strong spots. The peak at d~2.7 Å, which is 7.8 in (b), belongs to a small amount of SiO 2 (CaCl 2 structure) added to the starting material. the depth and thickness of the bridgmanite to post-perovskite transition, consistent with the argument that the D 00 layer may be chemically heterogeneous in previous studies. This observation suggests that the lower mantle may contain previously unidentified major phases, which have implications for enigmatic seismic features beyond~2000 km depth. Importantly, multigrain analysis of submicron-grained single-crystals can separate the effects from composition, pressure, and/or sample quality on the multiphase samples above Mbar pressure.
Hydrous minerals and water storage in the deep lower mantle
The knowledge of water (or hydrogen) recycling and storage in Earth is critical to understand the physical and rheological properties of the mantle [42] . The recent discovery of hydrous ringwoodite as inclusions in ultra deep diamonds from Juina, Brazil suggests significant water capacity of ultramafic rocks in the transition zone [43] . Through the subduction of hydrous minerals in cold slabs, a certain amount of water can be transported into the Earth's deep interior. Seismic tomography images imply that slabs of subducted oceanic lithosphere can sink into the deep lower mantle [44] . Over the last several decades, high pressure studies showed that several dense hydrous magnesium silicates (DHMS phases) in the simplified MgOeSiO 2 eH 2 O system were thermodynamically stable in peridotites within subducting lithosphere. In the lower mantle, these minerals may exist in the form of Mg 10 Si 3 O 14 (OH) 4 (known as superhydrous phase B or phase C) [45] , MgSi 2 O 4 (OH) 2 (known as phase D) [46] and MgSiO 2 (OH) 2 (known as phase H) [47, 48] . However, these MgeSi endmembers are expected to stabilize only in the cold subducted slabs and to break down at warmer temperatures close to those of typical mantle geotherms or hot subducted slabs. Recent investigations conclude that the incorporation of A 2 O 3 stabilizes the hydrous phases at high temperature, forming water reservoirs in deep mantle [42, 49, 50] .
Hydrous phase Hed (MgSiO 2 (OH) 2 eAlOOH) solid solutions
Applying in situ XRD measurements in conjunction with a multi-anvil apparatus using sintered diamond anvils, Nishi et al. showed that phase D transformed to an assemblage with hydrous phase H at pressures above 48 GPa [47] . The experimental results are in agreement with the theoretical calculation by Tsuchiya et al. which predicted that phase H had a narrow stability field at pressures of 40e52 GPa and temperature of 0 K [51] . It was reported that hydrous phase H can be reasonably indexed with an orthorhombic symmetry with the space group of Pnnm [47] . The neutron powder diffraction analysis suggested that the hydrogen distribution in phase H with the disordered cations would display a fully disordered hydrogen bond pattern [52] . For hydrous d-AlOOH (phase d), pressure-induced reversible phase transition from the space group of P2 1 nm to Pnnm between 6.1 and 8.2 GPa has been confirmed by single-crystal XRD [53] . Several theoretical studies have proposed the possibility of pressureinduced hydrogen bond symmetrization in d-AlOOH, which possibly accounts for its high thermal stability at extreme conditions [54e57]. However, the OeO distance of hydrogen bond (2.439 (6) Å at 8.2 GPa) determined by single-crystal analysis was significantly longer than the predicted distance (2.366 Å) of the hydrogen bond symmetrization in d-AlOOH [53] . The pressure-induced phase transition to Pnnm symmetry in d-AlOOH can be explained by the disordered arrangement of hydrogen. Thus, phase Hed solid solutions with the space group of Pnnm can be generated at high pressure conditions.
The orthorhombic d-AlOOH (Pnnm) is stable over the entire range of conditions of the lower mantle, from 33 to 134 GPa at 1350e2300 K [58, 59] . In addition, Tsuchiya el al. predicted that d-AlOOH remained stable up to~170 GPa, and then transformed to a pyrite-type structure [54] . Considering the substitution mechanism of 2Al
, Ohira et al. reported the remarkable effect of Al on the thermal stability and chemical partitioning for the phase Hed (MgSiO 2 (OH) 2 eAlOOH) solid solution under lower mantle conditions [49] . Hydrous gels with the composition of 70 mol % MgSiO 3 e30 mol% Al 2 O 3 were synthesized by the solegel method, and the starting samples containing 7.0, 6.0 and 1.5 wt.% H 2 O were achieved by controlled heating treatments [49] . The disk of the starting material with the thickness of 30 mm was sandwiched between two Pt foils and embedded in NaCl or gels as the pressure medium. Pt was used as the laser absorber and pressure standard. Typical XRD patterns of samples with 6.0 wt.% water content showed the coexistence of bridgmanite and phase Hed at 64 GPa and 2110 K, while a coexisting post-perovskite and phase Hed assemblage was found at 128 GPa and 2190 K (see Fig. 7 ) [49] . TEM images coupled with EDX analysis showed that both bridgmanite and post-perovskite in the recovered samples were aluminadepleted with about 5e7 mol% Al 2 O 3 (see Fig. 8 ) [49] . The content of phase d in bridgmanite and phase Hed assemblage was about 50e60 mol%, while the content of phase d in postperovskite and phase Hed assemblage was about 70e80 mol %. In short, the reaction between water and aluminous MgSiO 3 can form alumina-depleted bridgmanite/post-perovskite and hydrous phase deH solid solution, and the latter can further transport water into the region of the coreemantle boundary [49] .
Ex situ TEM-EDX analysis provides information on chemical compositions estimation and phase identification, complementary to the information obtained from in situ powder XRD results at high PeT, provided that all the phases and their chemical compositions remain unchanged after PeT quench to ambient conditions [4,38e41] . As sinking slabs may deliver a great amount of Al to the lower mantle through Al-rich minerals, further studies in Ca, Fe-bearing aluminous MgSiO 3 compositions are needed. C [50] . The assynthesized samples were characterized by XRD, electron probe microanalysis, TEM and Raman spectroscopy. It was found that Al-phase D, Al 2 SiO 4 (OH) 2 could be synthesized at temperatures extending over 2000 C at 26 GPa. Raman measurements of this Al-phase D detected the strong hydroxyl vibrational modes, qualitatively confirming a significant hydroxyl concentration [50] . The results indicated that Al-phase D could survive at least in the upper mantle under mantle thermo conditions. The high thermal stability of Al-phase D was assigned to its unique crystal structure. In the crystal structure of Mg-phase D (space group: P31m), two separated layers consisting of the SiO 6 and MgO 6 octahedra stacked along the c direction with Mg and Si in the 1a and 2d Wyckoff positions respectively (M1 and M2; see Fig. 9 ) [50] . Three additional octahedral sites regarding the 2c and 1b Wyckoff positions (M3 and M4) remained vacant. However, when Al replaced Mg in Al-phase D (space group: P6 3 /mcm), all six octahedral sites became partially occupied by a random and disordered distribution of Si and Al in equivalent M1/M4 and M2/M3 sites, resulting in a symmetrical increase. Accordingly, essentially undistorted octahedral in Al-phase D gave rise to much higher thermal stability, compared to that of Mg-phase D with strongly distorted octahedra. On the basis of these results, researchers proposed that the deep water could be dominantly stored in such Al-rich hydrous silicates, which can be formed within the mafic parts of the subducting slab via the migration of hydrous melt released from their Al-poor counterparts [50] . Further in-situ study on Al-rich phase at high PeT is needed to examine structure-stability relation extending to deep lower mantle conditions.
Crystal structure of minerals and oxidation state in the deep lower mantle
In geological research, the term "oxidation state" has two different meanings: the valence state of elements and the chemical potential of oxygen (referred as oxygen fugacity) [60] . Our limited knowledge of oxygen fugacity in deep Earth is derived from the basis of precious few samples of the lower mantle [60] . Here we present examples on the relationship between mineral crystal structure and oxidation state, indicative of the possibly heterogeneous oxygen fugacity in the deep lower mantle.
Incorporation of Fe 3þ into Al-bearing bridgmanite
The lower mantle is believed to contain a small amount of Al. McCammon performed a M€ ossbauer study of Al-free and Albearing (Mg, Fe)SiO 3 bridgmanite to determine the Fe oxidation state [61] . Natural orthopyroxene from San Carlos, Arizona was treated at 25 GPa and 1600 C for 2 h using the multi-anvil press to prepare the Al-bearing (Mg, Fe)SiO 3 bridgmanite containing 3.3 wt.% Al 2 O 3 . Al-free Mg 0.94 Fe 0.06 SiO 3 bridgmanite was synthesized from synthetic orthopyroxene in the multi-anvil press at 24 GPa and 1650 C for 30 min. The roomtemperature M€ ossbauer spectra showed that the ferric iron content Fe [50] . Al phase D has a structure corresponding to hexagonal space group P6 3 /mcm, shown here projected down the a axis. The octahedral sites are named according to the structure of Mg-phase D in trigonal space group P31m. In the Mg endmember, Mg and Si exclusively occupy M1 and M2 sites respectively, with M3 and M4 sites vacant. In pure Al-phase D M1 and M4 sites are equivalent, the same as M2 and M3 sites. All six octahedral sites are partially occupied by a random distribution of Si and Al.
P
Fe ratio of bridgmanite under these extremely reducing conditions [63] . Furthermore, experiments without additional metallic Fe were performed using a synthetic peridotite composition under conditions around the silicate solidus. The Fe 3þ / P Fe ratios of Al-bearing (Mg, Fe)SiO 3 bridgmanite in the recovered samples were measured using M€ ossbauer and electron energy loss spectroscopy (see Fig. 10 [68] .
The dehydrated a-Fe 2 O 3 (hematite) powder sample was pre-compressed into a disk of~10 mm thickness cut to~60 mm in diameter, and then placed in a~100 mm diameter Re gasket hole in a Mao-type symmetric DAC with the culet size of 200 mm to access pressures above 70 GPa [68] . Condensed liquid O 2 was loaded in the sample chamber as both oxidant and pressure media. At lower pressures, the pressure was calibrated by ruby fluorescence [68] . At higher pressures, since ruby fluorescence modes were hard to detect, the lowest derivative value of diamond Raman peak was taken as additional calibration. The pressure was initially raised to 78 GPa; no reaction between hematite and oxygen was observed at ambient temperature. After the laser heating the sample at 1800 K at high pressure, the sample turned into semitransparent (see Fig. 11(b) ), suggesting a chemical reaction. The as-obtain XRD pattern was very speckled (see Fig. 11(a) ), which was ideal for the aforementioned multigrain crystallography method [68] . The "rotation method" was applied to collect the data for processing multigrain crystallography analysis. Five single crystals were selected for single-crystal analysis, and the results showed that the new-found phase was FeO 2 (referred as P-phase), adopting the space group of Pa3 identical to FeS 2 (pyrite) with oxygen replacing sulfur. Analogous to the archetypical pyrite and peroxides, iron in FeO 2 was considered to be ferrous. For the structure of Pphase, oxygen atoms not only formed [68] .
For a-FeOOH (goethite), a pre-compressed thin disk was cut to~35 mm in diameter and then placed in a~95 mm diameter Re gasket hole in a Mao-type symmetric DAC with the culet size of 150 mm to access pressures above 92 GPa. [63] . The gray field encompasses analyses from experiments performed at a higher oxygen fugacity in equilibrium with the ReeReO 2 buffer. Analyses of bridgmanites forming slightly below and above the silicate solidus (~2200 C) are shown as small squares. The vertical dotted line indicates the approximate Al content of silicate bridgmanite expected in a lower mantle with a typical bulk silicate earth composition.
Compressed Ne was loaded as the pressure medium and pressure standard before heating. After heating the sample up to 2000 K at 92 GPa, the XRD patterns clearly showed the conversion of goethite to P-phase (see Fig. 12 ), indicating the reaction: 2FeOOH ¼ 2FeO 2 þ H 2 . Raman spectroscopy was used to verify H 2 Raman vibration mode, which peaked at 5180 cm À1 in Ne medium. The production of free H 2 indicated a moderately reducing condition for the formation of the P- phase. First-principle calculations also predicted the P-phase to be stable at 100e465 GPa. The experimentally observed structural parameters of P-phase FeO 2 were in excellent agreement with the ab-initio prediction. The decomposition reaction of FeOOH might cause accumulation of the heavy FeO 2 -bearing patches in the deep lower mantle, upward migration of the hydrogen, and separation of the oxygen and hydrogen cycles. And the P-phase assemblages might account for many unexplained seismic and geochemical anomalies in the deep lower mantle down to the D 00 layer [68] .
Conclusions
Powder diffraction has been the dominant tool for petrological and mineralogical studies at Earth's lower mantle PeT conditions. Introducing multigrain method into high pressure research has opened a new area of high-pressure single-crystal crystallography, especially in a multiphase assemblage [69] . On the other hand, ex situ TEM-EDX analysis can provide direct compositional information from recovered samples to ambient conditions [4,38e41] . These advanced techniques have enabled studies of mineral crystal structure and chemistry under Earth's lower mantle PeT conditions. Using advanced techniques, intriguing properties of lower mantle minerals have been discovered, providing mineralogical mechanisms for chemical heterogeneities and seismic discontinuities within the lowermost mantle.
